We present a straightforward microfluidics system to achieve step-by-step reaction sequences in a diffusion-controlled manner in quasi two-dimensional microconfinements. We demonstrate the hierarchical self-organization of actin (actin monomers-entangled networks of filaments-networks of bundles) in a reversible fashion by tuning the Mg 2þ ion concentration in the system. We show that actin can form networks of bundles in the presence of Mg 2þ without any cross-linking proteins. The properties of these networks are influenced by the confinement geometry. In square microchambers we predominantly find rectangular networks, whereas triangular meshes are predominantly found in circular chambers. V C 2012 American Institute of Physics. [http://dx
I. INTRODUCTION
Actin, intermediate filaments, and microtubules are the three main building blocks of the cytoskeleton. Along with numerous accessory proteins like cross-linkers and motors, they together form three-dimensional composite networks. 1 The composition as well as the architecture of these networks are essential in determining their mechanical properties. Actin as well as microtubules have a strong potential to form self-organized structures in presence of accessory proteins. Steady-state aster-like structures have been reported for adenosine triphosphate (ATP) depleted actin-myosin system, 2 supported by numerical studies. 3 Networks and clusters of actin bundles are observed at high concentrations of different cross-linkers such as espin, fascin, aactinin, and filamin. 4 Self-organized asters emerge in actin-myosin-fascin 5 and actin-Arp2/3 complex-fascin 6 systems. Microtubule-motor systems also self-organize into asters, vortices, and networks 7 and the self-organization is influenced by the size of the confinement. 8 In all these experiments, the factors responsible for self-organization-cross-linking or motor proteins-were present from the beginning and were not added or depleted in a stepwise manner.
Microfluidics systems have been successfully used to investigate the dynamics of single actin filaments in flow and confinement using microchannels of various dimensions. [9] [10] [11] Micropatterning of actin nucleation promoting factors has shown to strongly affect the self-organization of actin. 12 Also, self-assembly of actin bundles in confined geometries has been reported using narrow microfluidic channels. 13 In order to study hierarchical self-assembling systems like actin, which can be in different states (monomers, filaments, and networks), it is essential to have a flow-free environment in order to eliminate any possible effect on the structure formation due to induced flow fields. Some of the common procedures to eliminate possible flow are confining the actin solution in between two glass coverslips and sealing them with vacuum grease 2,14 or using hermetically sealed chambers. 15 However, with such systems, the composition remains fixed as it is not possible to add or deplete materials from the system without physically (mainly induced flow fields) affecting it. a) s.deshpande@unibas.ch. Composite microfluidics devices consisting of a membrane between two fluid streams allowing diffusive mass transport through it can be designed. 16 However, small membrane pores can cause serious problems for polymer systems, especially membrane clogging, while bigger membrane pores increase advective transport across the membrane. Efforts have been made to achieve step-by-step reaction schemes in cell-sized liposomes, by embedding protein pores in the membrane 17 or by ionophore-mediated influx of Mg 2þ . 18 Still, such systems are limited to transport of small molecules. Also, it is not possible to revert back to the original state.
Association of polyelectrolytes by linkers is an important biological process (DNA condensation, self-assembly of actin filaments) and has been well studied. [19] [20] [21] In case of actin, the bundles can be disassembled ("de-bundling") by decreasing the bundling agent concentration, which has been addressed theoretically, 22 or by changing the association-dissociation equilibrium between actin filaments and the bundling agent. 23 In this context, being able to tune the chemical composition (stepwise addition or depletion of the involved components) is an obvious advantage. Moreover, mixing of all components at once in comparison to a stepwise addition of components to a pre-formed steady-state system may lead to completely different results. To achieve such step-by-step reaction sequences, we have designed a microfluidics system consisting of micro-confinements, termed "microchambers," in which a minimal system of actin filaments can be confined and the reaction conditions can be changed (for example, concentration of Mg 2þ ions) in a stepwise manner as required.
In this paper, we first describe the design and the working principle of the "microchambers." Then, we show how a stepwise addition or depletion of materials leads to hierarchical self-assembly and disassembly of actin. We use multivalent cations (Mg 2þ ) as bundling agents and show how actin filaments are confined in microchambers to form an entangled actin network, get bundled and de-bundled by tuning the concentration of Mg 2þ ions in the system. Lastly, we discuss a special case where actin filaments self-organize into stable networks comprising of actin bundles in response to the gradual increase in the concentration of actin and Mg 2þ facilitated by evaporation. We demonstrate the effect of confining geometries, squares and circles, on the formation of these networks and their properties.
II. MATERIALS AND METHODS

A. Materials
Actin from rabbit skeletal muscle, fluorescent Atto488-Actin from rabbit skeletal muscle, polymerization buffer (1M KCl, 0.1M imidazole pH 7.4, 10 mM ATP, 20 mM MgCl 2 ) and dilution buffer (2 mM Tris-HCl pH 8.2, 0.4 mM ATP, 0.1 mM CaCl 2 , 1 mM DTT (dithiotreitol)) are purchased from Hypermol EK. To induce actin polymerization, polymerization buffer is added to the actin solution in 1:9 ratio. Final composition of the actin solution is 3 lM actin, 1.4 mM ATP, 100 mM KCl, 2 mM MgCl 2 , 0.1 mM CaCl 2 , 0.02 mM NaN 3 , 0.4 mM DTT, 10 mM imidazole, 1.8 mM Tris-Cl pH 7.4, and 0.03% disaccharides. Actin:Atto488-actin ratio is either 5:1 or 10:1. Anhydrous MgCl 2 is purchased from Sigma-Aldrich (St. Louis, USA). Multi-fluorescent microspheres are purchased from Polysciences Europe GmbH (Eppelheim, Germany).
B. Photolithography
Standard photolithography is performed using SU8 negative resists (Microchem, Newton, MA, USA) spin coated on silicon wafers (Si-Mat, Kaufering, Germany) to fabricate masters for further device production. In order to produce multi-height devices, multi-layer photolithography is carried out using appropriate photomasks (JD Pho-tools, Oldham, UK) and a MJB4 mask aligner (SUSS MicroTec AG, Garching, Germany). To produce a master with a controlling channel 4 lm in height and the microchambers 2 lm in height, two layers of SU8-2002 are used. To produce a master with a controlling channel 10.5 lm in height and the microchambers 0.5 lm in height, first layer is of SU8-2000.5 and second one is of SU8-3005. It should be noted that the different heights of the microchambers do not affect the outcome of the experiments. Polydimethylsiloxane (PDMS) and cross-linker (Sylgard 184, Dow Corning GmbH, Wiesbaden, Germany) are mixed in the mass ratio 10:1, degassed and poured on the masters followed by baking at 80 C for at least 4 h. Cured PDMS is peeled off from the wafer, punched (to insert the tubings later on), cleaned with isopropanol, dried with nitrogen, and then covalently bonded to a clean glass slide after plasma treatment at 2 mbar for 30-40 s in a plasma cleaner (Harrick Plasma, NY, USA).
C. Pre-treatment of the devices PDMS is permeable to water which results in permeation-driven flow and also increases the concentration of confined materials. In order to prevent this, the device is submerged in water for at least 24 h before as well as during the experiments. We have taken advantage of the evaporation of water through PDMS in the experiments of Sec. V in order to gradually increase the concentration of actin and salts. In this case, the device is not saturated with water before or during the experiments to facilitate evaporation. The increase in the concentration of actin and salts due to evaporation is estimated by carrying out experiments with the same setup using 0.2 lm diameter fluorescent microspheres instead of actin.
In order to prevent actin from sticking to the channel and microchamber walls, the device is first rinsed with 1 mg/ml PLL(20)-g[3.5]-PEG(2) (SuSoS AG, D€ ubendorf, Switzerland) for at least half an hour and subsequently rinsed with water.
D. Microscopy
An Olympus IX81 inverted microscope equipped with a fluorescence illumination (X-Cite Series 120 Q) and a 40 x (N.A. 1.30) UPlanFL N oil immersion objective (Olympus, Tokyo, Japan) are used to perform experiments. The images are recorded with a SensiCam (PCO AG, Kelheim, Germany) and a CAMWARE software with exposure times of 3-10 ms.
E. Image processing and analysis
Image processing is done using a combination of IMAGEJ and MATLAB (R2009a, The MathWorks). Fluorescent images are appropriately thresholded, binarized, and finally skeletonized for further image processing and analyses. Processed images are further analysed using selfwritten macros in MATLAB and IMAGEJ. For better visualization, all fluorescent images in this paper are inverted so that fluorescent actin appears darker against a lighter background.
III. MICROCHAMBERS A. The design
We have designed a straightforward microfluidics system consisting of micro-confinements of different geometries with the possibility of adding and depleting materials in a diffusioncontrolled fashion (Fig. 1) . These micro-confinements or "microchambers" are connected to a main controlling channel via narrow connecting channels, as can be seen in Fig. 1(a) . The fluid of interest flows by advection through the controlling channel, which is rectangular in crosssection. As one approaches the wall, the velocity decays to zero according to no slip boundary condition and obeys the following equation for the velocity field in a channel with rectangular cross-section and a low aspect ratio (height to width, h < w=2), 
where Dp is the pressure difference between the two ends of the controlling channel, L is the controlling channel length, and g is the viscosity of the liquid. Note that the flow profile is a plug flow owing to the low aspect ratio of the channel. Also, since the height and the width of the connecting channels are much less than that of the controlling channel, the velocity field is virtually unaffected by the protrusions, i.e., the connecting channels at the side walls. As a result, material transport from the controlling channel into the microchambers and vice versa is governed by diffusion. The advective transport into the microchambers is further prevented by a multi-height approach. The master is produced using multi-layer photolithography which makes the height of the controlling channel bigger than that of the microchambers and connecting channels. This height difference further minimizes any possible microflow into the chamber to a great extent as the hydraulic resistance (R hyd ) of the channels is inversely proportional to third power of the channel height (h).
A part of the master showing an array of square microchambers is shown in Fig. 1(b) . The device has a 40 lm wide controlling channel. Microchambers are connected to it by small connecting channels. Square microchambers vary in size from 12.5 lm Â 12.5 lm to 100 lm Â 100 lm with an increment of 12.5 lm while circular microchambers vary from 10 lm to 70 lm in diameter with an increment of 10 lm. The small height (0.5-2 lm) of microchambers suggests that they can be considered as quasi two-dimensional systems. Thus, the system consists of an advection-dominated controlling channel to which diffusion-dominated microchambers are connected. 25 
B. Diffusive behaviour in microchambers
Advection in the controlling channel and diffusion in microchambers can furthermore be clearly seen when multi-fluorescent microspheres are injected in the device and their trajectories are recorded by fluorescence microscopy ( Fig. 2(a) ). Arrows in the controlling channel point to the streaks of microspheres flowing by advection, while the trajectory inside the microchamber shows a typical displacement of a diffusing particle. Mean square displacement (msd) of a To summarize, microchambers can be described as diffusion-controlled, flow-free confined systems.
IV. CONTROLLED BUNDLING AND DE-BUNDLING OF ACTIN FILAMENTS
A schematic representation of the functioning of microchambers is given in Fig. 3 . When an actin solution along with polymerization buffer is injected in the controlling channel, actin monomers (G-actin) diffuse into the microchambers along with K þ ions. Once actin polymerization is initiated, the formed filaments are confined inside the microchambers due to their increased size, which lowers their diffusion coefficient in comparison to monomers and additionally hinders the transit through the narrow connecting channels. Actin also polymerizes in the controlling channel, but these filaments are washed away to the outlet by advection. Since the microchambers are in contact with the controlling channel, G-actin and ions freely diffuse in and out of them and their concentrations in the microchambers essentially remain the same as in the controlling channel. The concentration of filaments inside the microchambers reaches a steady state resulting in an entangled network of actin filaments which can be followed by a constant mean fluorescence intensity in the microchambers. Such a network can be further manipulated as intended. Here, we show bundling and de-bundling of actin filaments as an example. As actin filaments have a negative linear charge density of approximately 4 e À =nm, polycations (in the mM range) can serve as cross-linkers by compensating the electrostatic repulsion between the filaments by enhanced charge condensation, and a sharp bundling transition is observed. 20 Bundle assembly and disassembly can be controlled by varying the cross-linker concentration since bundling as well as de-bundling take place at a finite cross-linker concentration. 22 When Mg 2þ ions are added to the controlling channel, confined actin filaments should undergo a bundling transition to form several bundles which will ultimately fuse together to give rise to a network of actin bundles. Since the transport in and out of microchambers is diffusion-controlled, added salts can also be depleted from the system. Lowering the Mg 2þ concentration should then lead to de-bundling and restore the entangled actin filament network. In this way, confined actin filaments can be manipulated simply by changing the composition of the main fluid stream. Fig. 4 shows that the aforementioned working principle can be experimentally realized inside microchambers. Introducing actin solution in a pre-coated and water equilibrated device results in an entangled network of single actin filaments in microchambers. The flow rate in the controlling channel is kept very low, around 1 À 10 nl=s with the help of a syringe pump (cetoni GmbH, Korbussen, Germany). Polymerized filaments freely fluctuate inside the microchambers and do not stick to the walls. Addition of 50 mM MgCl 2 to the actin solution in the controlling channel induces bundling of the entangled network of actin filaments. Formed bundles join in order to generate a network of bundles. The bundling transition is sudden, in the order of few minutes. The network of bundles does not stick to the walls but fluctuates as a single entity. This observation is a strong indication that the bundles are joined at the nodes and are not just overlapping. The network of actin bundles can further be de-bundled by flushing the controlling channel with actin solution having only residual 2 mM MgCl 2 . De-bundling is a slower process which can take up to a few hours till the system is restored to the original configuration of entangled actin filaments. This effect is prominently seen with thicker bundles and nodes with higher connectivity, which may take several hours until they completely de-bundle. This slower process may be caused by a discontinuous de-bundling transition, in analogy to the theoretical model by Kierfeld et al. 22 Further bundling of the entangled filaments can be induced within minutes by again adding 50 mM MgCl 2 to the actin solution in the controlling channel. Thus, the bundling de-bundling cycle can be efficiently repeated.
V. EVAPORATION INDUCED NETWORK FORMATIONS OF ACTIN BUNDLES
A. Experimental
Permeability of PDMS to water is a nuisance for proper functioning of microfluidic devices but it has also been successfully employed to achieve evaporation-driven pumping, 26 sample concentration, 27, 28 or even crystallization. 29 We use the permeability of PDMS to water as means of sample concentrator by not equilibrating the device with water before or during the experiment. This leads to gradual evaporation of water throughout the device-controlling channels as well as the microchambers. The increased concentration of actin and divalent cations (Ca 2þ and Mg 2þ ) induces actin bundling. The gradual evaporation indeed not only induces bundle formation, but results in fascinating and complex networks of actin bundles inside the microchambers in about 20 h (Fig. 5) . The obtained networks are formed without any cross-linking proteins and the bundling is mainly . Though water loss occurs through the entire device, the confined and almost flow-free environment of microchambers strongly favours the formation of regular actin networks. Bundles are also formed in the controlling channel and may get connected with the networks in microchambers (the dark actin bundle patches at the periphery of some of the circular microchambers in Fig. 5 ), but without severely affecting the network geometry. We observe a 50-100 fold increase in the concentration of actin and salts due to evaporation during a 20 h period.
B. Networks of actin bundles
The bundle networks are made up of links which join each other to form nodes (Fig. 5) . The links are made up of actin bundles of varying thickness. The number of links increases approximately linearly along with the increase in the volume of microchambers, indicative of the fact that the concentration of materials in all the microchambers is essentially the same. Nodes are formed when two or more actin bundles fuse with each other. A detailed look at the nodes reveals a complex architecture (Fig. 6) . Nodes are not just single points but rather 
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elaborate structures. Numerous short actin bundles and single actin filaments fuse with thicker main links to form a fine mesh at each node.
An important factor in the formation process of such networks is that an entangled network of single actin filaments is formed before the bundling is initiated by the increase in the actin and Mg 2þ concentrations. If a high, bundling inducing concentration of Mg 2þ is present from the beginning, bundling is induced right from the start and networks with only few links are formed which do not evolve further. Thus, an initial formation of entangled actin filaments is necessary before the bundling events in order to generate actin networks with high complexity.
C. Network properties
We analyze the formed meshes in terms of their areas and shapes, link lengths, and orientations. Networks in square and circular microchambers look qualitatively different (Fig. 5) and we compare these properties for the two confinement geometries as well.
Shape and area of meshes
Meshes formed by the networks in square microchambers are different from those formed by the networks in circular microchambers, especially with respect to their architecture and symmetry. The mean mesh area is (9:7 6 8:0Þlm 2 for meshes in circular microchambers and (10:9 6 9:7)lm 2 for meshes in square microchambers and are thus comparable. This is an indication of equal actin bundle density in all the microchambers irrespective of their geometry. In square confinements, meshes are in general elongated and have rectangular geometry, whereas meshes in circular confinements have triangular geometry and are less elongated. To quantify these observations, we fit the meshes with ellipses, which have the same normalized second moments. We use the ratio of major axis length a to the minor axis length b of the ellipse as a shape parameter for the corresponding mesh (a ! b). Frequency distributions of a/b for meshes formed in square and circular microchambers are shown in Fig. 7 . As can be seen, a/b value has a peak around 2 for meshes in circular microchambers suggesting less elongated, triangular geometries and a peak around 5 for meshes in square microchambers suggesting more elongated, rectangular geometries.
Link lengths
Link lengths (l) are the lengths of actin bundles before they join other actin bundles to form nodes. Fig. 8 shows the average link lengths for square and circular microchambers of 3 lm. Thus, the link lengths are comparable for different confinement shapes. This suggests that the link length (l) is a characteristic of the system independent of the confinement geometry and depending only on the composition of the system.
Link orientations
The angle subtended by links with respect to a reference line refers to the link orientations. We define the long axis of the controlling channel as the reference line and accordingly calculate the link orientations. Thus, the orientations range from 0 to 180 , which are mirrored to get the whole angle spectrum from 0 to 360 and give us an idea about the possible symmetry patterns formed by the networks.
In general, links in square microchambers are predominantly aligned parallel to the microchamber boundaries, thus showing four maxima in the orientation distribution ( Fig. 9(a) ). This tendency becomes stronger as the microchamber size increases. Links in square confinements thus show a 4-fold rotational symmetry meaning rotation of 90 resulting in the same symmetry pattern as the original one. This reflects the tendency of network links to get oriented along the boundaries of the confinements. The distribution is a bit broader around 0 and 180 and may be due to partial "arch-like" structures of the links observed for some of the bigger square microchambers (Fig. 5) .
On the other hand, link orientations in circular microchambers show different geometrical patterns. Their orientations strongly depend on the diameter of the confining circular chambers, some of them are shown in Fig. 9(b) . The orientation distributions show higher rotational symmetries with increasing diameter: 10 lm diameter microchambers show a strong polar character with a 2-fold symmetry, 20 lm and 30 lm microchambers have a polar distribution with a possible 6-fold rotational symmetry, 40 lm a 12-fold rotational symmetry, 50 lm an 18-fold rotational symmetry, 60 lm and 70 lm diameter a possible 24-fold rotational symmetry. Thus, 6-fold and multiples of 6-fold rotational symmetries are favoured in circular microchambers. It should be noted that there is no impact of the connecting channel on the observed rotational symmetries, see for example the orientation distribution of 20 lm diameter microchamber in Fig. 9(b) .
The fact that the link length stays constant and the rotational symmetries increase with the increase in the diameter d suggests that the size of the microchambers plays an important role in determining the rotational symmetry. The length of a chord (l) on a circle with diameter (d) depends on the angle (a) it subtends at the centre as, l ¼ d Á sinða=2Þ. Given a rotational symmetry (S), the angle between the chords is expected to be a ¼ 360
=S. This gives us an equation for the expected link length based on the observed rotational symmetries as,
Fig . 10 shows the calculated chord lengths l for the observed rotational symmetries in circular chambers of different sizes. As can be seen, values of l mostly vary between 8-10 lm, showing the same tendency to have a constant value, though a little bit higher than the average link length in circular microchambers (l c avg ¼ 7.3 lm). The growth of actin bundles parallel to the boundaries for square microchambers, which explains the observed 4-fold rotational symmetry, as well as the dependence of the rotational symmetry on the diameter of circular microchambers, which may explain the almost matching calculated chord and measured link lengths, are indications that the bundling process emerges from the chamber walls. This impact of the walls on the bundling process is observed in case of evaporation induced network formation. In microchambers, the evaporation rate is higher at the boundaries than in the interior, due to the extra surface area of the edge. Thus, it is more probable that the bundling process starts at the boundaries and eventually spreads to the interior. Indeed, we observe that first bundles are formed near the boundaries. As a bundle forms, the concentration of actin in its vicinity suddenly drops since the actin is used up in forming the bundle. This may set a specific distance for the next bundle to form, which should be only dependent on the concentration of materials, which is same in all confining geometries. Since bundling can simultaneously start from different positions along the walls, growing bundles will eventually meet, giving rise to nodes and resulting in a consistent link length. Due to the different chamber geometries, elongated rectangular meshes are predominantly found in square microchambers, whereas triangular meshes are predominantly found in circular microchambers.
VI. DISCUSSION AND OUTLOOK
We have introduced a straightforward microfluidics system consisting of microchambers, which act as diffusion-controlled micro-confinements. Their chemical compositions can be tuned via controlling channels, which enables a stepwise addition and/or depletion of materials within the microchambers. We have shown the functionality of the device by demonstrating the hierarchical self-assembly of actin monomers to entangled networks of single actin filaments in the presence of ATP and K þ ions. Addition of Mg 2þ ions further induces bundling to form networks of bundles. A subsequent de-bundling step occurs by depleting Mg 2þ ions in order to bring the system back to its original state of entangled filament network. We realize the potential of such a confined system to study the spatio-temporal evolution of actin networks and bundles. The same set-up may be used to study the dynamics of other biopolymers, such as fibrin, microtubules, or intermediate filaments.
There have been reports about self-organized cytoskeletal structures in the absence of any cross-linking proteins. Microtubules, in the absence of any motors, have been shown to selforganize in cell-sized compartments, favouring elongated forms and getting oriented along the boundaries. 30 A new lamellar phase of actin filaments has been found in which the basic unit is made up of two layers of actin rafts cross-linked by divalent electrolytes. 31 Spontaneous selforganization of actin filaments into bundle-like structures in cell-sized confined environments has been shown to occur above a threshold actin concentration of 24 lM. 32 Regularly spaced networks of actin bundles connected by aster-like clusters in presence of Mg 2þ are observed where the authors note the necessity of segregation of mixing effect from the cross-linking effect which is not the case for typical bulk experiments. 33 By gradually increasing the actin and Mg 2þ concentration inside the microchambers facilitated by evaporation, we find complex networks of actin bundles. We note that for the formation of the observed networks, it is necessary to start with a pre-formed entangled network of single actin filaments in order to separate a polymerization regime from a cross-linking regime. Furthermore, the properties of these networks are determined by the geometry of the confinement. Although the mesh sizes as well as the network link lengths in square and circular microchambers have similar values, we find different mesh architectures in the different confining geometries: rectangular in square, triangular in circular chambers. We explain these different network properties by the bundling process which is predominantly initiated at the chamber walls.
These confinement geometry specific network properties are biologically relevant since various cells of different shapes or specialized parts of cells contain different kinds of actin bundles and networks. In metazoan cells, actin bundles appear in specialized regions such as filopodia and microvilli 34 as well as in the growth cones of axons and dendrites. 35 Actin bundles are very common in most of the mature plant cells; assisting cytoplasmic streaming and serving as tracks in tip growing cells, such as pollen tubes and root hairs. 36 Mechanical properties of networks, such as elasticity and stability, depend on the structural arrangement of their components (which is reflected in the properties of links, nodes, and meshes) and how tension is distributed within them. 37 Actin has been an excellent model system to study semiflexible polymers, with its network mechanics and dynamics being extensively studied. 4, 15, 38, 39 The elasticity of cross-linked and bundled actin networks crucially depends on the actin as well as the cross-linker concentrations. 40 In this context, it will be challenging and important to see the possible impact of the confinement geometry on the mechanical properties of networks.
Our microfluidics system is particularly useful for studying in situ dynamics of systems with hierarchical assembly steps. It is also advantageous in cases where flow-free environments with tunable chemical compositions are needed since added materials can also be depleted from the system in case of reversible reactions. The system can be used to mimic the cytoskeletal structures of the cell, with varying degrees of complexity. Furthermore, it can be suitable to study the dynamics of cells in extracellular matrix (ECM) by first generating an ECM inside the microchambers and then bringing in cells, for example by optical tweezers.
